Objective: In the present paper, we are interested in the effects of g-melanocyte-stimulating hormones (g-MSHs) on cardiovascular regulatory systems. Methods: Mean arterial pressure (MAP), cerebral blood flow (CBF) and heart rate (HR) were measured in urethane-anaesthetised rats after intravenous administration of lysg -MSH, g -MSH, g -MSH(6-12) or phenylephrine. Results: The 2 2 2 g-MSHs caused an increase in MAP, CBF and HR, whereas phenylephrine caused an increase in MAP and CBF and baroreceptor reflex-mediated bradycardia. All tested g-MSHs showed a significant impairment of the baroreceptor reflex sensitivity and CBF autoregulation as compared to the phenylephrine group. g -MSH shows identical effects on the baroreceptor reflex and CBF as the 2 endogenous occurring lysg -MSH. In addition, the C-terminal fragment of g -MSH, g -MSH(6-12), induced similar effects as g -MSH. The level of increase in MAP was comparable between the g-MSHs and the phenylephrine group. Conclusions: The present study suggests that g -MSH and the shorter fragment g -MSH(6-12) impair baroreceptor reflex sensitivity, due to a strong increase in 2 2 sympathetic tone and / or change in baroreceptor reflex setpoint, and induce cerebrovasodilatation, which can counteract an autoregulationmediated cerebrovasoconstriction due to systemic pressor effects. Furthermore, the results indicate that the C-terminal site of g -MSH is 2 relevant for its central-mediated inhibitory effects on the baroreceptor reflex and CBF.
Introduction
diovascular action [3, 6] , suggesting that the central nervous system is involved in g -MSH-induced cardiovascu- 2 Melanocortins (a-melanocyte-stimulating hormone (alar effects. This hypothesis agrees with findings of Cal-MSH), b-MSH, g-MSH and adrenocorticotropic hormone) lahan et al. [1] , who reported that the pressor response to belong to a family of peptides derived from the precursor systemic administration of g -MSH in conscious rats was 2 pro-opiomelanocortin. In addition to their effects on the blocked by the ganglionic blocking agent chlorisondamine hormonal system, behaviour, temperature and feeding or by blockade of the catecholamine release from symparegulation, g-MSHs have strong effects on the carthetic nerve terminals with bretylium tosylate. They sugdiovascular system. Systemic administration of g -MSH to gested that g -MSH activates the sympathetic nervous 2 2 conscious rats causes a dose-dependent increase in mean system. In addition, we showed previously that application arterial pressure (MAP) and heart rate (HR) [1] [2] [3] [4] [5] . In our of g -MSH on isolated rat heart preparations caused no 2 laboratory, we found that the shorter fragment of g -MSH, cardiac effects [6] . These findings strongly suggest that 2 g -MSH (6) (7) (8) (9) (10) (11) (12) , shows the highest potency and efficacy in cardiovascular effects of g -MSH are mediated via the 2 2 inducing cardiovascular effects [4] . In the pithed rat central nervous system and not via a peripheral site of systemically administered g -MSH does not exert a caraction. In the present paper, we are interested in the 2 centrally mediated effects of g -MSH on hemodynamics. logical limits by the baroreceptor reflex. The baroreceptor Macrolon cage (23031703140 mm) containing a layer of reflex is a well-studied mechanism, in which the sympawoodshavings under conditions of constant ambient temthetic nervous system plays an important role i.e. reflex perature (21618C), constant humidity (60615%), and reduction or activation of tonic sympathetic activity due to light / dark rhythm (with lights on from 7 a.m. to 7 p.m.). pressor or depressor effects, respectively. From our laboraFood (complete laboratory chow: Hope Farms, Woerden, tory, we reported in several studies that g-MSHs cause an
The Netherlands) and water were accessible ad libitum increase in both MAP and HR in conscious rats [4, 5] , throughout the experiment. suggesting that these peptides impair the baroreceptor reflex and activate the sympathetic nervous system. So far, the exact mechanisms of action for g -MSH on the 3. Experimental design 2 baroreceptor reflex are unclear.
Another hemodynamic regulatory defense system is the Rats were surgically equipped with a femoral artery and cerebral blood flow (CBF) autoregulation, which helps to vein cannula for measurements of blood pressure (BP) and maintain the constancy of CBF in spite of fluctuations in heart rate (HR) and for intravenous (iv) administration of systemic arterial pressure. This mechanism is necessary to vasoactive drugs, respectively. Baseline BP and HR were protect the brain against hypoxia at low perfusion recorded before each iv injection. One drug was injected pressures and the risks of brain oedema at high arterial per rat in a volume of 100 ml and an interval of 10 min pressures. However, if systemic blood pressure is very was used between each dose of injection to allow stabilisahigh or low the upper or lower limit of autoregulation tion of BP and HR. In order to flush the cannula each respectively is surpassed. Then, CBF will follow the injection of a drug was followed by 50 ml of saline. All pressor changes [7] [8] [9] . Sandor et al. [10] reported that experiments were performed under urethane anaesthesia intracerebroventricular administered g -MSH impaired and were terminal. 2 blood flow autoregulation in the hypothalamus as it The experiments were approved by the ethical commitfacilitated the haemorrhage-induced decrease in hypotee for animal experimentation of the Medical Faculty, thalamic blood flow in urethane-anaesthetised rats. In a Utrecht University, The Netherlands. The investigation previous study [11] 2 2 induced high pressor level, which in turn will lead to a blood flow breakthrough of CBF autoregulation. Therefore, the present study was performed in a more quantitative approach Rats (n55) were iv injected with increasing doses of to examine in greater detail the effects of g -MSH on CBF phenylephrine and sodium nitroprusside. The dose range 2 autoregulation. for phenylephrine and sodium nitroprusside was 0, 0.5, 1, In the present paper, we are interested in the influence of 5, 10, 50 and 100 mg / kg. g-MSHs on both regulatory hemodynamic systems (baroreceptor reflex and CBF autoregulation). Therefore, we 3.2. 302, tip diameter 0.45 mm) was placed in a micromanipumin at 2.5-3.0 ml per stroke. When necessary, ventilation lator and positioned above the dural surface. The position was adjusted to maintain arterial CO pressure (PaCO ) of the probe corresponded to a collateral blood supplying 2 2 and pH within the range of 33.0-38.0 mm Hg and 7.35-area of 2-3 mm lateral of the midline, which is relatively 7.45, respectively.
devoid of large surface vessels [14] . The exact site of For BP and HR measurements, the femoral artery was probe positioning in the square was chosen so that basal cannulated with a polyethylene tubing (i. The vasoconstrictor L-phenylephrine hydrochloride was 3.4. Measurements of blood pressure and heart rate and purchased from Sigma Chemical; the vasodilator agent intravenous administration sodium nitroprusside from E.Merck, Darmstadt, Germany; g -MSH from Bachem, Bubendorf, Switzerland; Lysg -
The arterial cannula was connected to a pressure trans-MSH and g -MSH(6-12) were synthesised and kindly cardiovascular effects at the highest given dose were Systemic injections were performed at 500 ml / min.
analysed by a one-way Analysis of Variance (ANOVA) and post-hoc Tuckey HSD test. The changes in MAP, HR and 3.5. Measurement of cerebral blood flow CBF levels to drug injections are presented as MAP ratio, HR ratio and CBF ratio respectively (ratio5post-injection Microcirculatory cerebral blood flow (CBF) was conlevel / pre-injection level; a ratio of 1 indicates no change tinuously measured by laser-Doppler flowmetry. A of the pre-injection value). A linear regression was perPerimed flowmeter (Periflux PF3, Stockholm, Sweden) formed on MAP ratio-HR ratio and MAP ratio-CBF ratio was used according to the method described by Iadecola per experimental group (mean linear regression; depicted and Reis [13] sodium nitroprusside decreased baseline MAP to 52 mm nmol / kg) to study the baroreceptor reflex. Fig. 3 shows the Hg. Fig. 1 shows the mean (6S.E.M) of phenylephrinemean correlation between HR and MAP after drug inand sodium nitroprusside-induced changes in MAP and jection. The mean MAP and HR ratio were negatively corresponding changes in HR. In the MAP range of 52-correlated during phenylephrine injection (HR ratio52 126 mm Hg, baseline HR remained relatively unchanged 0.05 MAP ratio 11.05; P,0.001), whereas the g-MSHs The averaged regression coefficients between the g-MSH groups were not significantly different, whereas that of the phenylephrine group was significantly different from all g-MSH groups (P,0.01).
CBF autoregulation
Rats were iv injected with increasing doses of phenylephrine (0.5, 1, 5, and 10 mg/kg), g -MSH (1.5, 5, 15, 50 2 and 100 nmol / kg), lysg -MSH (1.5, 5, 15, 50 and 100 2 nmol / kg) or g -MSH(6-12) (1.5, 5, 15, 50 and 100 Fig. 3 . Correlation between heart rate (HR) and mean arterial pressure 2 (MAP) after administration of intravenous phenylephrine (PE; 0. [5] [6] [7] [8] [9] [10] nmol / kg) to study CBF autoregulation. Fig. 4 shows the mg / kg), lysg -MSH (1.5-100 nmol / kg), g -MSH (1.5-100 nmol / kg) 2 2 mean correlation between CBF and MAP after drug and g -MSH(6-12) (1.5-100 nmol / kg) in urethane-anaesthetised rats. ss the baroreceptor reflex sensitivity [16, 17] . This is not surprising as the tonic sympathetic nervous system activity is suppressed during anaesthesia and thus reflex reduction of tonic sympathetic activity due to pressor effects or activation of the sympathetic nervous system during depressor conditions is decreased. This knowledge has to be taken into account for the interpretation of the effects of the g-MSHs on the baroreceptor reflex.
In the present paper, we found that all tested g-MSHs caused an increase in both MAP and HR in urethaneanaesthetised rats, an effect which has been reported previously in conscious rats by our laboratory [4, 5] and others [1, 2] . The relationship between MAP and HR ratio was not significantly different between the lysg -MSH leads us to the following three conclusions: (1) g-MSH induces a strong increase in sympathetic nervous system MAP ratio 20.37; P,0.001) and g -MSH (CBF ratio51.5 tone [1, 2] , probably due to stimulation of hypothalamic 2 MAP ratio 20.51; P,0.001) injection. The average of the efferent projections to cardiovascular centres within the individual regression coefficients in the lysg -MSH group brain stem [18] . A baroreceptor reflex-mediated reduction 2 was 1.260.1, in the g -MSH group 1.660.3, in the gin efferent sympathetic nervous system activity, as a 2 2 MSH(6-12) group 1.460.2 and in the phenylephrine consequence of g-MSH-induced pressor effects, might be group 0.560.1. The averaged regression coefficients beoverruled by this hypothalamic initiated rise in sympathetic tween the g-MSH groups were not significantly different, tone; (2) g-MSH might change the setpoint of the barowhereas that of the phenylephrine group was significantly receptor reflex at the level of the nucleus tractus solitarius smaller as compared to all g-MSH groups (P,0.01).
(NTS) or induce inhibitory effects at the level of afferent barosensory systems in the carotid sinus or the heart; (3) g-MSH might act peripherally at the level of the blood 5. Discussion vessels, inducing vasoconstriction and at the level of the heart, inducing tachycardia that can overcome a baro-5.1. Baroreceptor reflex sensitivity receptor reflex-mediated bradycardia. The latter suggestion is not plausible as we reported previously that in the pithed This study shows that intravenous administration of rat systemically administered g -MSH does not exert a 2 0.5-100 mg / kg phenylephrine increased resting MAP cardiovascular action and application of g -MSH on 2 from 97 to 191 mm Hg, whereas a similar dose of sodium isolated rat heart preparations caused no cardiac effects [6] . nitroprusside decreased resting MAP from 90 to 52 mm These findings strongly suggest that cardiovascular effects Hg in urethane-anaesthetised rats. In the MAP range of of g-MSHs are mediated via the central nervous system 126-191 mm Hg, baseline HR showed a reflex decrease and not via a peripheral site of action. We hypothesise that (i.e. reflex bradycardia) due to elevations in MAP, whereas g-MSHs act in central areas located outside the blood-HR remained relatively unchanged to lower pressure levels brain barrier (circumventricular organs: area postrema / (52-126 mm Hg). Baroreceptor reflex sensitivity was nucleus tractus solitarius in the lower brain stem and indicated by the correlation coefficient for linear regression arcuate nucleus in the hypothalamus) which are easily of changes in HR following changes in MAP. The regresaccessible. sion coefficient was 20.6, which is in agreement with that Furthermore, the results indicated that g -MSH, which is 2 found by Fluckiger and colleagues in urethane-anaesthetmostly used in cardiovascular studies, shows identical ised rats [12] . However, a much higher baroreceptor reflex effects on baroreceptor reflex sensitivity as the endogenous sensitivity has been reported in conscious rats [15] . Several occurring lysg -MSH. In addition, the C-terminal fragment baroreceptor reflex sensitivity as g -MSH. This suggests MSH impaired blood flow autoregulation in the hypo-2 that the C-terminal site of g -MSH is relevant for its thalamus as it facilitated the haemorrhage-induced de-2 central-mediated inhibitory effects on the baroreceptor crease in hypothalamic blood flow in urethane-anaesthetreflex.
ised rats. In contrast to the present findings, the latter study suggests that g -MSH can induce vasoconstriction of of CBF autoregulation: autoregulation was impaired in the though this technique is not a strict measurement of blood brain stem as compared to the cerebrum. Furthermore, they flow, but rather movements of red blood cells in the demonstrated segmental heterogeneity: autoregulation microcirculation [19] , the values obtained in the rat occurred predominantly in small vessels during acute cerebral cortex correlate well with established methods for hypotension, whereas the autoregulatory response was measuring CBF [20, 21] . more important in the large cerebral arteries during acute This study shows that in the MAP range of 52-142 mm hypertension. Hg, baseline CBF was markedly constant, whereas it
In agreement with the results on baroreceptor reflex increased to higher pressure levels (142-191 mm Hg) in sensitivity, the latter findings indicated that g -MSH(6-12) 2 urethane-anaesthetised rats. These results are in agreement induced similar effects on CBF autoregulation as g -MSH.
2 with those found in conscious rats by Hoffman et al. [7] . This suggests that the C-terminal site of g -MSH is 2 They reported that the mean autoregulatory coefficient relevant for its cerebrovasodilatory effects. Furthermore, (mean change in blood flow / change in MAP) was 0.6 in g -MSH shows identical effects on CBF autoregulation as (5regression coefficient of changes in CBF following [24] and Edvinsson et al. [25] reported that plasma levels changes in MAP) showed a comparable level of 0.5 for the of immunoreactive g -MSH in humans is increased in 2 MAP range of 52-142 mm Hg. This indicates that, in severe forms of heart failure and suggested that g -MSH is 2 contrast to the baroreceptor reflex, CBF autoregulation is released in response to stress caused by cardiac failure. It not profoundly impaired by urethane anaesthesia. Other has been reported that CBF is also increased during stress anaesthetics like halothane, isoflurane and sevoflurane [26] . Therefore, a hormonal role for g -MSH, released 2 have been reported to attenuate CBF autoregulation in rats during cardiovascular stress, in the regulation of CBF can [7, 8, 22] . be hypothesised. In the present paper, we found that intravenous adminisFor a greater part, the cerebromicrovasculature contritration of lysg -MSH, g -MSH and g -MSH(6-12) caused butes to the brain vascular resistance in the rat within the 2 2 2 an increase in both MAP and CBF in urethane-anaesthetautoregulatory range of blood pressure [27] . In an earlier ised rats, an effect which has been reported previously by study we have measured the internal carotid flow quantitaour laboratory for g -MSH [11] . The relationship between tively [11] and we could demonstrate that internal carotid 2 MAP and CBF ratio was not significantly different beflow was increased in a parallel fashion with the lasertween the lysg -MSH (regression coefficient51.260.1), Doppler flowmetry measurements of cerebral blood flow. MSH(6-12) (regression coefficient51.460.2) group, ment of cortical blood flow is suitable to measure auwhereas all tested g-MSHs showed a significant impairtoregulatory processes within the brain circulation. Alment of CBF autoregulation as compared to the phenylepthough we cannot exclude confounding flow rates from hrine group (regression coefficient50.560.1). The level of extracranial compartments with superficial laser-Doppler increase in MAP was comparable between the g-MSHs flowmetry measurements, it appears not an important and phenylephrine, indicating that the high pressor level disturbing factor in the overall interpretation of the results. itself was not responsible for the attenuation of CBF In summary, the present study suggests that g -MSH 2 autoregulation in g-MSH-treated rats. This suggests that and the shorter fragment g -MSH(6-12) impair baro-
